This study analyzes whether cardiorespiratory exercise performance is impaired in obese children when parameters of aerobic exercise function are used that are independent of body mass. Twenty-one obese patients (mean age 11.6 ± 2.5 years) were studied and compared with 22 normal controls of the same age range (11.4 ± 2.2 years; p = .78). All participants underwent square wave exercise testing on a treadmill for 6 min (speed 5 km/hr, inclination 4%). The oxygen deficit, calculated as ml·min·kg
, was expressed as a percentage of the total oxygen cost for the 6-min exercise bout (also expressed as ml·min·kg -1 ).
Oxygen deficit amounted to 7.2 ± 1.9% in the obese patients and was not significantly different (p = .25) from the normal controls (6.6 ± 1.1%). The similar values for O 2 deficit in obese patients compared with normal controls shows that cardiovascular fitness in obese patients is normal when parameters of aerobic exercise function are not normalized per kg of body mass.
During weight-bearing activities, the cardiorespiratory response to exercise in obese patients is characterized by an increased ventilatory response to exercise with excess levels of oxygen uptake when compared with normal controls (9, 14, 15, 18) . This leads to reduced exercise performance and an inability to sustain physical exercise. On the other hand, obese children are encouraged to increase their daily level of physical exercise in order to achieve a negative energy balance.
Previous studies in obese patients using nonweight-bearing activities such as bicycle ergometer exercise have shown that cardiovascular exercise performance was similar to normal controls when parameters of aerobic function are not normalized per kg body mass (4, 8, 18) . Continuous analysis of gas exchange during exercise using mass spectrometry or fast-responding electronic gas analyzers permits the kinetic response of oxygen uptake (VO 2 ) at the onset of exercise to be studied; this reflects the efficiency of the cardiovascular system in adjusting to physical exercise. The kinetic response of VO 2 during exercise can be estimated by calculating the oxygen deficit at the onset of exercise.
In normal individuals there is a delay in the rise of VO 2 to a steady-state value after 2 to 3 min of exercise. This delay results in an oxygen deficit at the onset of exercise and results in exercise being performed, in part, with an anaerobic (mostly glycolytic) energy supply. The cumulated difference between resting and steady-state values for VO 2 is expressed as a percent of the total amount of oxygen uptake used for that level of exercise. The advantage of this measure is its independence of body mass because the difference between exercise and resting VO 2 values are calculated, and both are expressed per kg body mass.
Recent data have shown that the oxygen deficit increases significantly in patients with cardiovascular disease, thus reflecting slower kinetics of oxygen uptake (5, 11) . In addition, individuals who are unfit show slowed kinetics of oxygen uptake during the onset of exercise (21) . Because obese patients frequently adopt a sedentary lifestyle, we analyzed whether the rise of VO 2 at the onset of square wave exercise is reduced in these patients.
Patients and Methods
The study group consisted of 21 obese patients (12 males, 9 females) who were studied on a visit to an outpatient obesity clinic. All participants and or parents gave informed consent after the nature of the tests was explained. The degree of obesity was estimated by calculating the body mass index (kg/m 2 ) and by estimating the percent overweight, which was defined as the body mass of the patient divided by the optimal weight and expressed as a percentage. Optimal body mass was defined as the 50th percentile for body mass corresponding to actual height. Normal values for the children's height and body mass were obtained from the standard Tanner's reference curves (20) . All experiments were approved by the local ethical committee.
Inclusion criteria for the study were a body mass index of more than 25 and a percentage overweight of more than 20%. Exclusion criteria were mental retardation and age below 5 years. Anthropometrical characteristics of the patients are reported in Table 1 . The control group consisted of a group of 22 normal controls (11 males and 11 females) of the same age range. All participants underwent exercise testing on a treadmill (Marquette). Before exercise testing the patients were familiarized with the treadmill exercise procedure and the breathing valve apparatus. First, baseline gas-exchange data such as oxygen uptake (VO2), carbon dioxide output (VCO2), pulmonary ventilation (VE), end tidal PCO2, and PO2 were obtained while the patients stood for 3 min on the treadmill. The exercise test was performed at a constant speed of 5 km/hour and an inclination of 4% over 6 min. The same exercise protocol was used for the patients and normal controls. Gas exchange was measured on a breath-by-breath basis with a computerized system using a mass spectrometer for gas analysis (Marquette MGA 1100). Respiratory gas-exchange variables included the measurement of respiratory frequency (f), carbon dioxide output (VCO 2 ), pulmonary ventilation (V E ), end-tidal CO 2 , and O 2 tensions (PETCO 2 , PET O 2 ). Respiratory gas-exchange ratio was calculated as VCO 2 / VO 2.
Exercise Testing Procedure
Inspired and expired volumes were measured by a volume turbine (Alpha Technologies, VMM 110). Before each exercise test this device was calibrated using a calibration syringe. The concentrations of inspired and expired oxygen, carbon dioxide, and nitrogen were sampled at a frequency of 50 Hz. The mass spectrometer was calibrated before each exercise test with a test gas of known composition. The phase delay between volume and gas concentration measurements was calibrated at regular time intervals. Further methodological details have been published elsewhere (13) . During the entire exercise procedure, a 12-lead ECG was continuously monitored and recordings were performed at standardized time intervals.
Analysis of the Oxygen Deficit
The kinetics of oxygen uptake during exercise were assessed by calculating the normalized oxygen deficit during moderate treadmill exercise. Before the exercise test, the patients stood still on the treadmill for 3 min in order to determine the baseline value for oxygen uptake. After determination of the baseline value, the mean VO2 value for the rest period was subtracted from the steady-state value obtained at 6 min of exercise. After completion of the test, the oxygen deficit was calculated using a computer algorithm. Calculations were done on a 5-breaths moving average value in order to reduce variability of the breath-by-breath measurements of VO2. During the onset of exercise, the differences between the steady-state value and the values at the onset of exercise were cumulated and expressed as a percentage of the total oxygen cost for the 6-min exercise period. A typical example for a normal control is shown in Figure 1 . The term normalized oxygen deficit actually means that the oxygen deficit for each individual was expressed as a percentage of the total oxygen cost for the 6-min exercise period for that individual. This variable was used for subsequent correlation analysis. In order to obtain a rougher estimate of the relative exercise intensity of the work load performed at 4% inclination of the treadmill, heart rate during exercise was expressed as a percentage of the agepredicted maximal heart rate. Maximal heart rate was defined as 200 beats per minute with a standard deviation of 10 beats per min (16) .
Statistical Analysis
All values are reported as the mean and standard deviation of the mean. Differ-ences between mean values were calculated by Student's t test. Correlations were calculated by Pearson's correlation method. Correlations were calculated between O2 deficit and percent overweight or body mass index. The level of statistical significance was set at p < .05.
Results

Dynamics of Gas Exchange During Constant-Load Exercise
All obese patients were able to sustain the 6-min exercise test at 4% inclination and 5 km/hour. In the obese patients the calculated oxygen deficit averaged 7.2 ± 1.9% (5.0-12.6%, median 6.9, 95% CL: 6.4-8.0%) and was not significantly (p = .25) different from the value obtained in normal controls: 6.6 ± 1.1% (4.6-8.9%, median 6.8%, 95% CL: 6.15-7.05%); see Figure 2 . The mean difference between the 2 groups amounted to 0.6%. The corresponding 95% confidence interval ranges from -0.4 to 1.5%. Also, when expressed in absolute values, the O2 deficit was not significantly different between obese patients (8.2 ± 1.7 ml O2·min·kg -1 ) compared with normal controls (9.3 ± 2.8 ml·min·kg -1 ; p = .13). Cardiorespiratory variables during steady-state exercise are listed in Table 2 . No significant difference was found for VO2 (expressed as ml O2·min·kg -1 ) during exercise in the obese patients compared with normal controls. On the other hand, significantly higher values for heart rate and pulmonary ventilation (expressed as l/min) for the same intensity of exercise were observed in obese patients compared with normal patients. When heart rate was expressed as a percentage of the age-predicted maximal, it amounted to 76% in the obese patients vs. 70% in the normal controls. No significant differences were found between patients and controls for the respiratory gas-exchange ratio and for the end tidal PO2 and PCO2 during steady-state exercise. In order to assess whether the patients reached a steady state during exercise, which is a prerequisite for calculation of oxygen deficit, the VO2 values during the 4th and 6th min of exercise were compared. Both in obese patients and normal controls, oxygen uptake was not significantly different (p > .05) between the 4th and 6th min of exercise ( Table 2 ), demonstrating that all participants reached a steady state during the 6-min exercise test.
Relationship Between the Dynamics of Oxygen Uptake and Clinical Characteristics
The degree of obesity was assessed using the percent overweight and body mass index (BMI). For the total group of patients and normal controls, no correlation was found between oxygen deficit and BMI (r = .08, p > .50; see Figure 3 ) or percent overweight (r = -.07, p >.50) and body mass (r = .14, p > .50). In the normal group, the O2 deficit did not correlate with chronological age (r = -.13; p > .50).
All patients showed a normal resting ECG. During continuous ECG recording, no arrhythmias or ST-T changes were observed during exercise or during the immediate recovery period.
Discussion
Results of cardiorespiratory exercise performance testing in obese patients might be reduced as a result of low physical activity. Expressing parameters of aerobic fitness relative to body mass, however, might also play a role in the low fitness data represented in these individuals. Strikingly reduced values for VO2max (8, 10, 15, 19) and ventilatory threshold (8, 14, 15) have been reported when expressed per kg body mass. It remains unclear whether this is the effect of normalization per kg body mass or whether this truly reflects an impaired cardiopulmonary function.
In order to assess cardiovascular exercise function, we need a parameter which is independent of body mass. To cancel out the confounding effect of body mass on parameters of aerobic exercise function, the kinetic response to exercise was studied by assessment of the oxygen deficit at the onset of exercise. Differences in VO 2 values between exercise and rest normalized per kg body mass (expressed as ml O 2 ·min -1 ·kg -1 ) were cumulated and expressed as a percentage of the total oxygen cost for that level of exercise (also normalized per kg body mass). This cancels out the confounding effect of body mass on the expression of parameters of aerobic exercise function. In the present study, no significant difference was found for oxygen deficit in obese patients compared with normal controls. Given the number of participants included, this study would have only 24% power to detect a statistically significant difference of 0.6% with a common standard deviation of 1.5%. The boundaries of the 95% confidence interval of the observed difference, however, indicate that it is very unlikely that any differences between the two groups would be clinically meaningful.
Similarly, during bicycle ergometery in obese children, Cooper et al (4) calculated the time constant for VO 2 , which is also an estimate of the kinetic response to exercise, and reflects the time needed to reach 63% of the steady-state value for VO 2 . In this study no significant difference was found between obese patients and normal controls for the time constant for VO 2 during exercise. This was not a weight-bearing activity, however. Moreover, exercise studies in adult obese women showed no significant difference in the kinetic VO 2 response during exercise compared with normal controls (12) . In addition, during graded exercise, the slope of the relationship between the increase in VO 2 and work rate has been shown to be similar in obese adults compared with normal controls (22) . In the initial transition from rest to exercise, however, the greater work involved for the obese could influence the oxygen deficit. Apparently, this was not the case in our study, which shows that the cardiovascular system has adapted to exercise. Furthermore, in other studies involving obese girls, Rowland et al. (17) demonstrated a normal pattern for the stroke volume increase during graded exercise compared with normal controls. Taken together, these data indicate that, in obese patients, a decreased value for maximal oxygen uptake or ventilatory threshold, when expressed per kg body mass, is not an indicator of reduced cardiovascular fitness. Although the normalized oxygen deficit was similar in obese patients and normal controls, obese patients perceive the same exercise as more difficult; this was reflected by the higher heart rate expressed either in absolute values or as a percentage of maximal value. Furthermore, some patients might have difficulty sustaining the 6-min exercise load. This results from the extra effort imposed by greater body mass, especially in weight-bearing activities. Because the same intensity of exercise is performed at a higher percentage of the maximal heart rate in obese patients compared with normal controls, it is likely that the oxygen deficit would be higher in obese children when patients are compared for exercise of the same relative intensity. The aim of the present study was to compare the oxygen deficit for exercise of equal absolute intensity. This probably explains why obese children exercise showing higher pulmonary ventilation and higher breathing frequency but with the same value for normalized oxygen uptake compared with normal controls. It shows that the kinetic response of VO 2 and cardiovascular response to exercise was not impaired in obese children. Also, in other studies, higher pulmonary ventilation, higher breathing frequencies, and/or a slower speed for the same level of oxygen uptake, expressed as ml·min -1 ·kg -1 , have been reported in pre-and postpubertal obese children compared with normal controls (2, 8, 9, 10, 18) . This has been attributed to a less efficient walking pattern (1, 8, 10) . The impaired efficiency of the cardiorespiratory response during exercise in obese children, when compared with normal controls, has also been ascribed to ergonomic factors which are related to the extra work necessary to maintain postural control (7) .
Clinical Implications
The observation of a normal oxygen deficit in obese children and adolescents has important therapeutic implications. Successful treatment of obese patients is multidisciplinary, with medical supervision, dietary counseling, and physical therapy or rehabilitation support for prescribing exercise programs (14) . The normal cardiorespiratory response to exercise in obese patients demonstrates that there is no reason to impose a medical restriction preventing these patients from being fully active. The inefficient walking pattern will improve with weight loss and physical exercise programs. In a study in morbidly obese patients, Hakala et al (6) showed that after weight reduction, a more efficient gas exchange with reduced oxygen cost of breathing during exercise took place.
Physical activity performed in non-steady-state conditions represents the major part of physical activities during daily life. Therefore, assessment of the oxygen deficit will allow evaluation of the efficiency of the cardiovascular system to match changing metabolic needs. This information might be particularly relevant in obese children because they have to move the extra body mass. These measurements might be more relevant than steady-state measurements because increased values for oxygen deficit have to be repaid during the recovery phase after exercise, which will impede further periods of exercise.
Furthermore, the determination of oxygen deficit during submaximal exercise is independent of motivation, which makes it useful for clinical exercise testing in the pediatric age group. In previous studies on normalized O 2 deficit (expressed a percentage), we have shown that this parameter is a relatively reproducible index of cardiovascular exercise performance with a coefficient of variation of 8.4% for repeated measurements (13) . This is similar or even somewhat lower than values for reproducibility measurements reported for VO 2 max (varying from 5.8 to 8%) and anaerobic threshold (12.1 to 13%) but comparable to the reproducibility of breathby-breath measurements of oxygen uptake (5.6 to 11.1%; 3). Another advantage of the calculation of the oxygen deficit compared with the time constant for oxygen is that it is a less complex calculation. The assessment of the time constant for oxygen requires several repetitions of the exercise test (up to 8) in order to get a more stable signal-to-noise ratio (21) . This is difficult to perform during clinical exercise testing.
Limitations of the Method
A prerequisite for the calculation of the oxygen deficit is the attainment of steady state during the 6th minute of exercise. In seriously unfit participants or patients with severe cardiovascular dysfunction, a steady state cannot be achieved during low-intensity exercise (10, 13) . This precludes the calculation of an oxygen deficit. In the present sample of obese patients, however, all participants were able to reach a steady state.
Conclusion
The data produced by the present study suggest that there are no clinically meaningful differences in the values for oxygen deficit between normal controls and obese children and adolescents. This indicates that there is a normal cardiovascular response to exercise when parameters of aerobic exercise function are not normalized per kg of body mass. The slightly higher values for pulmonary ventilation and heart rate during submaximal exercise for obese patients compared with normal controls reflects decreased cardiorespiratory efficiency and a higher relative work load because of the effect of a greater body mass during treadmill exercise. This also represents a higher absolute work load for obese patients. These factors explain why similar exercise intensity might be perceived as more difficult by obese patients compared with normal patients.
